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Zinc ﬁnger nucleases are a promising tool to edit DNA in many biological applications, in particular
for gene knockout. Despite many efforts the number of genes that can be effectively targeted with
ZFNs remains severely limited, as available constructs cannot address arbitrary gene sequences.
Here, we develop a novel concept to signiﬁcantly enhance the number of DNA sequences that can
be targeted by ZFN. Using an efﬁcient computational model, we provide an extensive library of pos-
sible linker molecules between individual zinc ﬁnger motifs in the construct that can skip up to 10
base pairs between adjacent zinc ﬁnger recognition sites in the DNA sequence, which increases the
number of genes that can be efﬁciently targeted by more than an order of magnitude.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Constructs to edit the genome are indispensable tools with
many applications in biology, in particular gene knock-out and
knock-in, with potential applications in gene therapy. [1–3] There
has been extensive research in the development of zinc ﬁnger nuc-
leases (ZFNs) [4–7] and, more recently, transcription activator-like
effector nucleases (TALENs) [8–11] and Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR) [3] to manipulate
DNA at speciﬁc positions. CRISPR use non-coding RNA guide to tar-
get DNA for site-speciﬁc cleavage. In contrast ZFNs and TALENs are
nucleases that combine sequence-speciﬁc DNA binding domains
with monomers of dimeric endonucleases (FoKI) that recognize
short contiguous DNA sequences and make a double stranded
break in the DNA at desired locations [12]. Despite many efforts,
lack in speciﬁcity and afﬁnity has limited the impact of ZFNs in
biology to few documented examples, in particular for humans
[13–16].
In ZFNs, the DNA recognition domain comprises 3–6 Cys2His2
type zinc-ﬁnger motifs (ZFM) connected by consensus linkerregions, typically Krüppel type linker ‘‘Thr-Gly-Glu-Lys-Pro’’ (TGEKP),
(the effective linker length is between the ﬁnal His residue of one
ZFM and the ﬁrst conserved aromatic residue of the next ZFM) [17–
18,44] where each ZFM speciﬁcally recognizes three/four consecu-
tive DNA base pairs (bp). Matching ZFM’s to the DNA sequence
leads to speciﬁc binding of the zinc ﬁnger protein (ZFP) to major
groove of DNA [19–20]. Lack of high afﬁnity ZFMs for arbitrary
base pair triplets (especially AT-rich sequence) has limited the po-
tential of this approach. Longer constructs with more than three
consecutive ZFMs, tend to have lower afﬁnity than expected
afﬁnities of their constituents [4,21]. Rather than trying to
improve individual ZFMs or to explore the interdependence of
adjacent zinc ﬁngers motifs [22–24], we pursue here a novel
systematic approach to enhance DNA sequence recognition by
designed linker.
Bioinformatics analysis suggests that the number of targetable
DNA sequences would increase by at least an order of magnitude
by combining existing high-afﬁnity ZFMs to speciﬁcally target
near-by, yet non-contiguous regions in DNA. A prerequisite is
therefore the availability of linkers in the ZFM-array that permit
the ZFP construct to skip short DNA regions for which no high
afﬁnity ZFP are available. To systematically investigate ZFP binding
to DNA, we design protein sequences in the linker region of length
Maa, to skip Nbp, non-recognized base pairs in the DNA binding mo-
tif, as illustrated in Fig. 1. Simple geometry-based rules to correlate
these Maa and Nbp variables fail because of the complex DNA–ZFN
architecture and have frustrated isolated experimental efforts to
Fig. 1. ZFP design approach: (Right) DNA target (GCG TGG GCG) comprising three
consecutive 3 base-pair regions for which high afﬁnity ZFM1 = RSDELTR,
ZFM2 = RSDHLTT, ZFM3 = RSDELTR (green), connected by Krüppel type linker are
available to achieve high-afﬁnity. (Left) To target three binding sites separated by Ni
base-pairs (yellow) for which no high-afﬁnity ZFM is available, a linker of length Mi
amino acids (yellow) in ZFP must be designed to span the DNA region on left panel,
thus increasing tremendously the number of targetable DNA sites.
3232 P. Anand et al. / FEBS Letters 587 (2013) 3231–3235develop such linkers [26–27]. An important reason for this lies in
the major to minor grooves of the double helical DNA structure,
as linker design must make sure that the target DNA remains
accessible to ZFP.
To fully include these geometric constraints on possible linkers
we use a structure-based modeling approach to investigate the ef-
fect of varying linker lengths to skip non-recognized gaps in DNA
sequences. Direct simulation of the binding process using all-atom
molecular dynamics simulations would be prohibitively expensive
for the systems of interest, yet details of the protein and DNA-
structure should be taken into account to accurately model the
complex. We have therefore used native structure-based models
[28] which build their topology from existing crystal structures
for B-DNA [25], ZFP and their complexes [17]. This approach is ide-
ally suited for this problem, because it incorporates high-quality
experimental information of the binding site while remaining
computationally tractable. Structure based models (SBM), are
based on energy landscape theory and the principle of minimal
frustration [29], are widely used to study protein and RNA folding
[30–31].2. Material and methods
Structure-based models are generated using webserver
SMOG@ctbp (Structure-based MOdels in Gromacs), developed by
the Onuchic’s group [28]. The models are generated using the na-
tive topology of Zif268 in complex with DNA (pdb code: 1AAY),
(where native structure refers to the pdb structure (‘‘the folded
state’’) obtained from experimental techniques like X-crystallogra-
phy and NMR). Only native contacts (interactions present in the
native structure generated using Shadow contact map) are used
to construct a smooth landscape for simulations [29]. SBM meth-
ods have been well established to study protein folding [32–33],
protein–protein/DNA [34,43] interactions and RNA [41,42] for over
a decade. In contrast to prior protein/DNA studies [34,43], which
are based on a three-bead DNA/C-alpha bead protein representa-
tion, we include all heavy atoms to fully account for the complex
structure. Also the previous studies model protein and DNA inter-
actions by a non-speciﬁc Debye–Hückel electrostatics [34,43], while
we treat speciﬁc protein–DNA interactions by a Morse-potential
(see below). The potential energy function in simulations is deﬁned
as:E ¼
X
bonds
Krðr  r0Þ2 þ
X
angles
Khðh h0Þ2
þ
X
impropers=planar
Kvðv v0Þ2 þ
X
backbone
KBBFDð/Þ2
þ
X
sidechain
KSCFDð/Þ2 þ
X
contacts
feC ½ðrijrij Þ
12
 2ðrij
rij
Þ
6

þ eNCðrNCrij Þ
12
g; ð1Þ
where
FDð/Þ ¼ ½1 cosð/ /0Þ þ
1
2
½1 cosð3ð/ /0ÞÞ ð2Þ
with Kr = 100 kBT/Å2, Kh = 20 kBT, Kv = 20 kBT and eNC = 0.01 kBT. The
values for r0, h0, v0,U0, and rij are given by the native conformation.
Bonded interactions including bond lengths, angles, and improper
dihedral angles are described by harmonic potentials with the equi-
librium values derived from the native structure. Long-range con-
tact atom pairs i and j (i > j + 3) are described by a Lennard–Jones
potential whereas all of the other non-local interactions are as-
sumed to be repulsive.
For the simulations, the ZFP models with designed linker are
generated using homology modeling (MOE software package) with
Zif268 (pdb code: 1AAY) [17] as the template protein. The DNA
models are generated using the Nucgen module of the AMBER 8
program [35]. The ZFP and DNA complex topology (top) and coor-
dinate (gro) ﬁles are generated using the online web-server
SMOG@ctbp [28], where ’top’ ﬁle describes all the atomic interac-
tions in the SBM Hamiltonian and ‘gro’ ﬁle describes the initial
structure. The ’top’ and ’gro’ ﬁles along with setting ﬁle (mdp),
which contains control parameters for the simulation, are used
as the input for simulations with GROMACS 4.5 package [36] using
Langevin dynamics. Because the Hamiltonian does not correspond
to natural energy units, the simulation uses reduced units with a
time step s of 0.001ps. The simulations are performed for 3  107 -
time steps. The Berendsen algorithm is used for temperature con-
trol, employing a coupling constant of 1 and temperature of 100
(reduced Gromacs units). In all the simulations, DNA atoms are
spatially constrained, but the zinc ﬁnger protein is fully ﬂexible.
In the starting set-up, ZFP is set approximately 30 Å away from
the DNA, and the ZFP are guided by speciﬁc DNA interactions mod-
eled as long range Morse Potential:
VðrÞ ¼ Deð1 eaðrreÞÞ2 ð3Þ
where r is the distance between the atoms, re is the equilibrium
bond distance (0.402 nm), De (kJ/mol) is the well depth (deﬁned rel-
ative to the dissociated atoms) (4 kJ/mol), and a controls the width
of the potential (a = 0.6). Major contact residues in Zif268 (pdb:
1AAY) are the second, third, and the sixth residues in the alpha helix
and Arg residue that immediately precedes the alpha helix in each
of the three zinc ﬁngers. All these residues form hydrogen bonds
which involve bases on the G-rich DNA strand of the consensus
binding site (50-GCG TGG GCG-30). Other contacts are between the
Arg residues on the second beta strand (two residues after the sec-
ond Cys residues on each ﬁnger) to phosphodiester oxygen of DNA
backbone. All these native contacts between DNA and Zif268 pro-
tein are added as Morse potential in linker design simulations.
These Zif268 protein and DNA contacts can be easily adapted to dif-
ferent DNA sequences and new designed ZFP in the simulation, as
long as binding motifs are conserved.
3. Results
We perform two sets of simulation on zinc ﬁnger protein Zif268
(without its target DNA) (1) with contact pair information for
the linker region ’’TGEPK’’ present in the topology ﬁle and (2)
without the contact pair information for the linker. Contact pair
Table 1
List of all the linker lengths Maa simulated to skip the different number of Nbp base
pairs in the DNA recognition motif.
Nbp Maa
0 TGEKF
1 T(G)n EKF; n = 2, 3, 4
2 T(G)n EKF; n = 2, 5
3 T(G)n EKF; n = 0, 3, 6, 7, 10, 12, 18, 19, 20
4 T(G)n EKF; n = 4, 7, 8, 9, 11
5 T(G)n EKF; n = 5, 8, 9, 11
9 T(G)n EKF; n = 8, 9, 10
10 T(G)n EKF; n = 8, 9, 10, 11, 12, 20
P. Anand et al. / FEBS Letters 587 (2013) 3231–3235 3233information refers to the intra-molecular interactions of linker
region with the ZFMs. In both simulations all ZFMs fold from a
completely extended starting structure close to the native crystal
structure (RMSD less than 2 Angstrom), while forming all the
intra-molecular contacts (data not shown). In the ﬁrst simulation
also the linker region forms its structure while in the second sim-
ulation only the individual ZFM fold close to their native structure
while the linker region remained unstructured. In the next step we
perform simulations with the same intra-molecular contacts in theFig. 2. (A) Structure of zinc ﬁnger protein Zif268 (Pdb Id: 1AAY) bound to DNA. Each ZF in
amino acids at positions -1, 2, 3 and 6 in the recognition alpha helix. (B) Native intermole
of the simulated complex with Krüppel type linker (in blue) and extended linker length
recognition motif. (D) Fraction of intra-(left) and inter-molecular (right) native contacts
bottom) with extended linker (blue line) compared to the contacts for the Zif268 protei
length Nbp investigated: Red color indicates the combination of Maa and Nbp, which did
combination of Maa and Nbp, which converged in the simulation. Blue color indicates
experimentally investigated combinations were simulated in the present study and arepresence of DNA to dock Zif268 to its target DNA sequence. In both
cases the Zif268 protein successfully docks to the target DNA
sequence and forms all the required inter- and intra-molecular
contacts. In a control simulation, an additional 3 base pairs (XXX)
are introduced between 2nd and 3rd zinc ﬁnger DNA binding sites
(50 GCG XXX TGG GCG 30), without changing the linker sequence
(TGEK/P) between the ZFM2 and ZFM3. The ﬁrst and the second
zinc ﬁnger without the additional base pairs dock to the DNA with
ZFM1 folding close to the native state and fulﬁlling all the intra-
molecular contacts, however the zinc ﬁngers ZFM2 and ZFM3 fail
to fold close to the native state (Pdb 1AAY), most likely because
the linker length is insufﬁcient to skip the 3 additional base pairs,
suggesting a need for longer linker than the normal Krüppel type
(TGEKP) between the 2nd and 3rd zinc ﬁnger.
We then perform simulations to design arrays of three ZFMs
that bind discontinuous DNA recognition sites separated by non-
recognized base pair sequences of length 1, 2, 3, 5, 9, 10 (see
Fig. 1A and Table 1). To systematically investigate ZFP binding to
DNA, we vary the number of non-recognized DNA bp (Nbp) in the
DNA binding motif and amino acids in the linker region (Maa) of
ZFP. For optimal design of linkers of length Maa, the ZFP array is
broken down in two domains; ZFA1 and ZFA2. ZFA1 is composedserts its alpha-helix into the major groove, and the DNA recognition is mediated by
cular contacts between ZFM and base pairs in wild type ZF-array. (C) Final structure
‘‘TGGGGGEK’’ (in red) to DNA with 2 base pair spacer (in orange) in-between the
formed as a function of simulation time for ZFM1/ZFM2/ZFM3 (panels from top to
n (red). (E) Matrix showing all the combinations of linker length Maa and DNA gap
not converge to form the native contacts in the simulation. Green color indicates a
the combination of Maa and Nbp, which was suggested by Sugiura et al. [37]. All
in agreement with the experimental data.
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ZFA2 is composed of ZFM3 with a ‘‘TGEK’’ sequence at the end.
The spacer amino acids are added between the Gly2 and Glu3 in
the canonical linker between ZFA1 and ZFA2. The reasons to choose
this position are: (1) to prevent the disruption of hydrogen bond-
ing between the backbone amide and side chain Oc of Thr (position
1 in linker) which gives additional stabilization on protein–DNA
interactions (2) the ﬁrst linker residue Thr is part of the alpha helix
of the zinc ﬁnger and its methyl group makes hydrophobic interac-
tions on one side of the ﬁnger and (3) the second linker residue
Gly2 forms a hydrogen bond in the alpha helix and terminates it,
thus stabilizing the ZFP. The side chains of the Glu3 and Lys4 linker
residues do not form direct contacts with the DNA or other parts of
the protein [17] so varying linker lengths at this position do not af-
fect the protein stability directly.
To introduce linkers in the ZFP and the additional base pairs in
the DNA we model a double stranded DNA (50 GCG XX TGG GCG
30), where XX stands for Nbp arbitrary base pairs and a ZFP-array
comprising ZFA1 and ZFA2 connected by a spacer ofMaa additional
Gly residues in TGaaEKP. The intramolecular Hamiltonian is com-
plemented by an intermolecular energy function that implements
the contacts of the ZFMs to their respective DNA base pair contacts
from the Zif268 crystal structure (see Fig. 2B). Because these con-
tacts are conserved in all high-afﬁnity ZFP–DNA complexes this
model can adequately describe the interactions in arbitrary ZFP–
DNA complexes. To test the commensurability of linker and gap-
region we perform 10 simulations each, for all pairs of Maa/Nbp
indicated in Table 1. In Fig. 2C we show an example of a commen-
surable complex for Nbp = 2 and Maa = 5, in which all ZFP–DNA
binding contacts are fulﬁlled. This is quantiﬁed in Fig. 2D, where
we show the intra-molecular protein native contacts forms as a
function of time (left panel) and the intermolecular contacts
between the DNA and protein (right panel). When we repeat the
simulation for Nbp = 2 and Maa = 2, for example, we ﬁnd that the
intra- and intermolecular contacts cannot be satisﬁed, indicating
that Maa = 5 is a suitable linker length to bridge three base pairs,
whereas Maa = 2 is not.
As a simple geometrical rule one might anticipate that one ami-
no acid (approx. 3.5 Å in size, as calculated from ﬁber diffraction
data for beta-keratins) is enough to jump a height-step of 3.4 Å
for each base pair in double helix B-DNA. Moving to larger Nbp,
we note that these simple geometric considerations suggesting a
linear correspondence of Nbp and Maa, do not adequately predict
the correct linker length. The one-to-one mapping of amino-acids
in the linker to base pairs in the DNA cannot account for the com-
plex DNA architecture, in particular the helical periodicity of the
arrayed a-helices of a zinc ﬁnger peptide do not exactly match that
the helical periodicity of DNA double helix (the exact periodicity of
DNA is known to be sequence-dependent). Accordingly we do not
observe optimal binding of ZFP with Maa = Nbp to DNA in our sim-
ulations (see main diagonal on Fig. 2E). However, our simulations
identify different combinations of Maa and Nbp where the ZFP is
able to dock in the major groove of the DNA with the additional
base pairs. Adding the linkers may reduce the build-up of strain
in individual ZFM, which is quantiﬁed in terms of the reaction
co-ordinate Q (fraction of native contacts formed) in our model.
For example we ﬁnd 9/5, 10/9, 11/5 and 11/10 to be viable Maa/
Nbp combinations which do not follow these simple rules. All com-
mensurable pairings are summarized in the matrix in Fig. 2E.4. Conclusions
Application of our protocol thus results in a comprehensive list
of linkers that permit the formation of complexes satisfying the
established DNA–ZFP contacts. We also note that there are threelinker combinations to skip Nbp = 1, which have previously been
identiﬁed experimentally by gel mobility and DNAse I foot-print-
ing assays [37] and are in perfect agreement with our computa-
tional model. Our simulations suggest that by varying the length
of the linkers between the ZFMs we can expand the targetable
DNA sequences which at present are limited to subsets of consec-
utive codons. Implementation of these results will overcome the
present major limitation of ZF targeting, which permits only G-rich
consensus sequences to be targeted [16]. By providing commensu-
rate linker sequences, our results suggest an easily implementable
strategy to skip AT-rich regions in the target DNA sequence with
speciﬁcally designed linkers. In this work we have established a
tractable computational procedure to develop such linkers, based
on crystal structures, which is presently not possible with either
docking algorithms or standard simulation methods. We note that
use of very long linkers may not be desirable because of side effects
on DNA binding that presently cannot be accounted for in the mod-
el. In future work the model may be extended to cover linkers with
speciﬁc secondary or even tertiary structure, based on either
experimental scaffolds or domains. As high speciﬁcity ZFMs for
G-rich sequences can be easily obtained from randomized ﬁnger li-
braries using phage or bacterial selection systems or the Zinc ﬁnger
Consortium, [23,38–40] availability of designed linkers may signif-
icantly increase the number of genes that can be selectively tar-
geted with zinc ﬁnger nuclease in many organisms.
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